Probing particle physics
with neutrino telescopes
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Primary working principle of
Neutrino Telescopes

 Particles interact with the / 81 stations
deep clear ice i g gl

« Emitted light is detected by
Sensors
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Neutrino Event Signhatures

Neutral Current =
CC Muon Neutrino Electron Neutrino CC Tau Neutrino

time

v.+N2e+ X
V,+N->u+X ¢ v+N=>1+X
v+N->v +X
track (data) cascade (data) “double-bang” and other
~ +15% deposited energy signatures (simulation)
factor of = 2 energy resolution
resolution = 10° angular resolution
< 1° angular resolution (at energies = 100 TeV)

& BSM signatures ... more in a bit !
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Neutrino Telescope Sites

Deep natural sites with water or ice
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South Pole ice

Wesl Antarctic lee Sheet

South Pole

E

East Anlairctic lce Sheel
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lceCube Neutrino Observatory
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Complementary deployment
environments

» Accessible year round NoO sea sickness
* Reachable within few hours Work flow crucial
of travel
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Sensitivities of Antares and
lceCube for the whole sky
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Astrophysical Neutrinos:
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>100 ... and counting

E < 300TeV

0.0

TS = —2AIn(L)

but isotropic so far!
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First evidence for a neutrino source!
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Neutrino energy spectrum

T

Atmosphenc Fluxes (reduced by self- veto in analysls) ; —_— - - -
Prompt Upper Limit(v, +7,) [1.04x ERS] : Astrophy5|cal Fluxes ]
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IceCube Preliminary |

Neutrino Energy [GeV]

Phys.Rev.Lett. 113 (2014) 101101 Astrophys. J.833 (2016) 3
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Interpretation of energy distribution by the community

Title 4 Author(s) [+ | Journal reference [% ArXiv [ Category
IceCube PeV cascade events initiated by electron-antineutrinos at Glashow I ey fe - S
Y Barger, Learned, Pakvasa PRD 87, 037302 (2013)F 1207.4571# |Glashow rescnance
resonance
Neutrino decays over cosmological distances and the implications for neutrino . R o= s )
y o9 P Baerwald, Bustamante, Winter ||[CAP10(2012)020& 1208.4600# |Neutrino decay
telescopes T ——
SR G SN, SAndIE 1209.2422 &  |Glashow resonance
S u e rI u i n aI Rodejohann, Watanabe
I I l I igl i
p smic rays Houlet, Slol. van Viek; |CAPD1(2013)028 & 1209.4033@ ||GZK
. Mollerach
neutrl nOS lMuon Neutrinos Pakvasa, Joshipura, Mohanty |PRL 110, 171802 (2013) & 1209.5630 |Neutrino decay
/ Cholis, Hooper |JCAPOr3r201 3)030 & 1211.1974 & Extragalactic (GRB)
Diffuse PeV Liu, Wang |I\1JJ 766, 73 (2013) & 1212.1260 # Extragalactic (GRB)
Cosmic PeV Neutrinos and the Sources of Ultrahigh Energy Protons Kistler, Stanev, Yuksel | 1301.1703 & ||Extragalactic

PeV Neutrinos from Intergalactic Interactions of Cosmic Rays Emitted by Active
Galactic Nuclei

nko, Essey PRL111, 041103 (2013) & 1303.0300F  |Extragalactic (AGN)

Diffuse PeV neutrino emission from ultraluminous infra/ PRD 87, 063011 (2013) & 1303.1253 8 E:f;:?e‘??mc (nifrared
Stringent constraint on neutrino Lorentz invariance vi Le pto-q u ark

g A PRD 87, 116009 (2013) & 1303.5843 F Lorentz invariance
IceCube PeV neutrinos

resonance 1303.7320 @ Exotic (dark matter

Neutrinos at IceCube from heavy decaying dark matter PRD 88, 015004 (2013) &

decay)

[Galactic PeV Neutrinos \ — [-- [1305.4123@ |[Galactic
|Sub-PeV Neutrinos from TeV Unidentified Sources in the Galaxy |Fox, Kashiyama, Meszaros [ap) 774, 74 (2013) 7 [1305.6606 % |Galactic
Superheavy Particle Origin of IceCube PeV Neutrino Events Barger, Keung |... 1305.6907 & [Exotic (Leptoquark)
PeV neutrinos observed by lceCube from cores of active galactic nuclei Stecker |PRD 88, 047301 (2013) % 1305.7404 # [Extragalactic (AGN)
TeV-PeV Neutrinos from Low-Power Gamma-Ray Burst Jets inside Stars Murase, loka PRL 111, 121102 (2013)® 1306.2274& |Extragalactic (GRB)
Demystifying the PeV cascades in IceCube: Less (energy) is more (events) Labn, Rescom, Dasgunts PRD 88, 043009 (2013) @ 1306.2309 &

Horiuchi, Murase
[Testing the Hadronuclear Origin of PeV Neutrinos Observed with lceCube Murase, Ahlers, Lacki - L — — Extragalactic

Anchordoqui, Goldberg, Lynch,

Pinning down the cosmic ray source mechanism with new |ceCube data Olinto, Paul, Weiler

pseudo-Dirac neutrinos

Constraining Superluminal Electron and Neutrino Velocities using the 2010
Crab Nebula Flare and the IceCube PeV Neutrino Events

‘ e oscillating to their sterile
TeV-PeV neutrin wnng from two He. Yang, Fan, Wei \

decay Of maSSIVe \ |Neronov. Semikoz, Tchernin Counterparts In a mlrror

. . |Winter | World ragalactic
neutrInOS tO Ilght OneS Over )iincs |Joshipura, Mohanty, Pakvasa ||--- \ |1m

C03m0|0g|Cal dlStanCGS/£ Esmaili, Sercipo 1308.1105 & 5;::;}{“* PR
Mrino telescope Lipari 1308.2086 @ ||

Stecker

lations

'Testing Relativity with High-Energy Astrophysical Neutrinos ' Diaz, Kostelecky, Mewes 1308.6344¢ |Lorentz invariance
A Simple Explanation of the Ultra-high Energy Neutrino Events at [ceCube | Chen, Bhupal Dev, Soni 1309.1764 &
|The Galactic Center Origin of a Subset of iceCube Neutrino Events Razzaque 1309.2756 &% |Galactic
. . |Probmg the Galactic Origin of the IceCube Excess with Gamma-Rays Ahlers, Murase 1309.4077 2 |Galactic
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This 1s not what the rest of this talk

IS about
... but non the less exotic ...

 Direct signatures of BSM physics

 Magnetic monopoles
 SUSY pair-production
« HNLs & fractional charges

 |ndirect signatures:

 WIMPs: annihilation and decay
* (Micro-) black hole creation and evaporation

... sorry, need to skip over oscillations and Axions

Kitzblihel, AvH-Kolleg 06/2019 Klaus Helbing, Wuppertal
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Symmetric Maxwell equations —
classical field theory

D>¢

vector potential
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+Dirac Mononole RN R
rac Monopole S22

A(F): g rXn Vi e W
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* Vector potential ¥
affects complex phase
of wave function — Iinterference

e |Interference cancels If
g=g,=n-2m/e

* Explains quantization of charge!
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't Hooft—Polyakov Monopoles

» Georgi—Glashow model.
SU(5) for illustration

* Higgs field: ¢, a=1,2,3

 Hedgehog configuration:
Higgs field vector points
away from origin
everywhere
—topologically stable

* Result: Magnetic
Monopoles with g = 4mn/e
...twice the Dirac charge

Kitzbihel, AvH-Kolleg 06/2019 Klaus Helbing, Wuppertal
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Cosmic Monopoles

e Hot big bang:

GUT symmetry breaks in a
phase transition
O

* Higgs field chooses direction
randomly but monotonous
within interaction horizon.

» Kibble: Monopoles form at
least one per horizon volume
- “Monopole Problem”

. Inﬂationaryg_hase of the
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Universe
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GUT Monopoles

* Generic predictions of
GUTs

« Mass typically 10" GeV
 May catalyze proton

decay
M v €
. Energy released:
e ~ 800 MeV
u N _
L < _
~u r N
P TT°

Lattice field theory simulation (A. Rajantie)
Contemp. Phys. 53 (2012) 195
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Detection of monopoles

Charge:

: Photons from Monopoles
10 . .

g~N-685e
Mass: o monopole &
m=104—107 GeV | A8
Kinetic energy: & delta electron(@/ | g
T=109— 1016 GeV <™ from monopole o
i v
Cherenkov light: | /
muon
N, x (g-n/e) 10 |
oc 8300 NY(I") 1005 0.2 0.4 " 0.6 08 1.0
M v €
GUT monopole: V)
Onion like structure .
containing the whole =
world of GUT U )
— nucleon decay catalysis | A - d
- d - d |
P T’
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Monopole detection techniques
Cherenkov light

Monopoles
with 3 > 0.5:
Indirect
Cherenkov

Cherenkov Cone

Monopoles .
With B < 0.5: = ..

Cherenkov radiation of s-electrons (KYG)

-- Cherenkov radiation of s-electrons (Mott)

Direct Cherenkov radiation of a monopole
Cherenkov radiation of a bare muon

-- Luminescence radiation [Baikal]

Luminescence radiation

£
— Nucleon 2
decay cataIyS|s%m3_

— Radio- S

luminescence .

Under investigation!
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Monopole limits

Mildly and highly relativistic Nucleon decay catalysis
1

— BAIKAL 1998-2003 #=—a |[ceCube 22 10

AMANDA-11 2000 up-going e—e |ceCube 40
— MACRO up-going ~— |ceCube 86
~—a ANTARES 2008 (This Analysis) 1055

1015_I _____ - _._.;_-. _____ ._.:__.-._ - Che _T’f”_T.f-l.i__._._l e ]

Parker Bound : : i

=

2
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o

lceCube Preliminafy

— N’ﬂ
T f .
el T —— ] Sowv
T | : . & 107
£ 10 | | g
— 3 = : : : :
101 || *—= IC86/DC 3=10"* K % IC59 3=10" |
=——=a |C86/DC 3=10"" = --a MACRO13=10"3 ]
T T ST 100 L @ e e |C59 ,3210_2 lisE m MACROZ_B:lU_S ________
0.5 0.6 0.7 0.8 0.9 1.0 Fr ST ] — — —
&) 107° 102 10% 107 102
0., /cm?

Eur.Phys.J. C76 (2016) no.3, 133 Eur.Phys.J. C74 (2014) no.7, 2938
Odd enough: / oL no. 7

astrophysical neutrinos significant
background to relativistic monopoles!
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https://doi.org/10.1140/epjc/s10052-016-3953-8
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Radio-Luminescence

EPJ Web Conf. 164 (2017) 07019, arXiv:1610.06397
* highly Ionizing, Monopole light yield
multiply charged
particle et Coarano st

— Luminescence with yield 1.0 +/MeV

—— Proton decay with cross section #, 3=10"*" ¢m®

* exciting surrounding
matter

* photon release at
relaxation ... basically
very slow scintillation

Light yield / v/cm

MonoEoIe
10"

1m0t 1[|J ! 1[|J f01 I.]I.l IDJ_E 0.4 []I.S {]tE 0.7 [}I.E IDJ_Q 1.0

Velocity / ¢
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Luminescence Logging

supplement lab measurements with [ M
IN-Situ measurements ectronis Board

Motor to
move filter band

depth dependence of
* ice under pressure
* ice containing solubles / impurities B~ o magnet
*  temperature

- | Spring
Magnets

Source
" Filter band
Mirror

Spacer
Photomultiplier

Principle: S5

* Irradiation of the ice with [3-rays

* luminescence is emitted
Isotropically

* measure light coming back and
scattered single photons

Power Supply

Accumulator

_ Webcam
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UHE Neutrino beam on fixed target:
Direct (1) SUSY detection

. X-sectlozn for heavies: E_> PeV\ AL Ive |
o~ 1/M e

e Large detector & range
compensate

 Direct detection of
charged, quasi-stable

| N2 staus
exotics pmduced by UHE v Signal: pair of parallel charged tracks.

 LSP gravitino
(esp. gauge mediated)

~ NLSP: stau ey c®
: : \,a‘ \,\'\C
* Determination of OV e
Lifetimes | aas¥
arxiv:1510.05226
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http://arxiv.org/abs/arXiv:1510.05226

Parallel tracks ... extremely
challenging

\ o
®

size of "gaps”

No dedicated trigger (so far) with no pulses
Existing one focused on single tracks Problem: probability of
reconstructing both tracks

Kitzbuhel, AvH-Kolleg 06/2019 Klaus Helbing, Wuppertal
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How to (re-)gain sensitivity?
» Dedicated trigger for 2 parallel tracks

* Look for single long dim tracks:

* dE/dx lower than SM particles: fractional charges
* Track length longer than for SM particles

* Widen scope to Heavy Neutral Leptons (HNLS)
e.g. right-handed partners of SM neutrinos:

e baryon asymmetry
e neutrino masses and oscillations
 Dark Matter candidate

e v-Telescopes complementary to SHIP proposal:

- Longer lifetimes
- Heavier masses
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sSitivity for Fractlonal Charges

I I T T ITTTIN

|

1

| |

IC86: charge 2/3
IC86: charge 1/2

IC86: charge 1/3

Kamiokande
LSD
MACRO

Charge: 2/3 []
Charge: 1/2
Charge: 1/3
Charge: 1/4
Charge: 1/5

102

10°

Mass (GeV)
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Indirect Dark Matter searches:

Accumulation objects

(Galactic Cente

T oVl Y s
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Seguel: )b e o sl e s e s G o p
e AT o accumulate due to WIMP-proton
elastic scattering

: % Sap
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.“;\.'.'.E]\I-u ey (=8
“—IJ Fomax
Dwarf spheroidal galaxies - il
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BSM example: solar WIMPs
X

Equilibrium:
I —

capture annihilation
Flux - o
XP

xx - I, gg, W*, ZorH

_)ooo_)v

u
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Spin dependent y-p X-section
Ospocd (J+1)
OSIOCAZ

. 10°
T \\l “

= ceCube (2011-2014) |
w Super-K (1996-2012)  Eur.Phys.J. C77 (2017) no.3, 146
= = Antares (2007-2012)

[pb]

10 10° 10° 104
m, [GeV]
Forthcoming: Searches combining Antares and IceCube
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/Ge\/_1

dN
dE

TeV-PeV Dark Matter Decay

Spectral features
In diffuse neutrino flux
for 2 PeV DM mass

— Z+v - - v+4v
- - Wt +W- — b+b

Dark matter lifetime / sec
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— H-I—I/ [_L++/_L_
Mmppm = 2 PeV
] ] IIII\I| 1 ] ] IIIIII ] ] IIIIIII
103 10% 10° 106
E, | GeV

Eur.Phys.J. C78 (2018) no.10, 831
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1029 _
10
102’? .
102(3 _
- IceCube (this work)
102 J / —— HAWC (dSph, 2018)

—— HAWC (GC, 2018)
Fermi/LAT (2012)

1024 1

T AL AL R M MR ror T
10 10* 10° 10° 107 10° 10°
Dark matter mass / GeV

Lower limits ...
for once
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Evaporating primordial black holes
as flaring point sources

Today might be the ideal cosmological epoch

M/M.=107 T, 200 TeV

22
x10 'IED ...........................

1.2 4 — total vy,
—_— TVt
e = vt 100 E > 100 GeV
/_\1.0" —_— Ty
'—“ — total v,
Hr.n weee ut/ o/ Te =4 ... - -
o5 S it A ~ %! Phys.Rev. D52 (1995) 3239
v -
Q e
06 =
_“é D
S5 -T~ %
304_ - ® 40
&z
~
0.2 1 PETTLAR 20
00103 104 TS T "'iz,a LT 02 100  -80 0 40 0
E (GeV)
Phys.Rev. D41 (1990) 3052 Signature:

Hawking radiation of neutrinos
— chirp with increasing energy
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https://doi.org/10.1103/PhysRevD.52.3239
https://doi.org/10.1103/PhysRevD.41.3052

Neutrino cross section
and black hole creation

'\!

Direct Ray
Ice shelf *; z

naive 2

Opy =Tr, with

F _ 2
Fg_l 105 rS_ZG ECM/C V/ * Reflected Ray
°© 10* Phys Rev. D6 (S 1049;_5_.gl'w Measurement:
e B depth distribution
oM v & zenith angle
103
. < GZK range >
10 i J,u,u[ :lulld |:||u|;| L 111l I =
106 10 1010 101%
Ev (GeV) Nature 551 (2017) 596
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EHE detection methods In ice

acoustic
“pancake”

coherent
radio signa

Q‘ optical
Cherenkov signal

Promise: Cheap sensors
& sparse spacing

Propagation of sound and RF are being
studied using in situ measurements.

Optimal technologies and array
configurations under investigation.

Ongoing R&D for future
GZK energy neutrino
detectors focus on radio
and acoustic detection.

power proportional
to square of
shower energy

A

diameter
of shower

Amplitudes
add coherently!
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Spin-Off: Astro-Biology
Enceladus-Explorer

Phase 2

Phase 3
=l
Steuerung
DAQ
Trigger . Trigser ‘Navigation
by SAR
EnEx —

autonomous drill
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Summary & Outlook

We are stretching neutrino telescopes far
beyond design goals and primary objectives ...

... If you have a model that involves neutrinos
or weak couplings, we can probably probe it.

=

Y Jhe e cci R
Yy £ all come

Major research infrastructures
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